Bidentate organic molecules with imidazole or benzimidazole moieties connected to a rigid 1,3-diphenyladamantane spacer are simple and unique building blocks that facilitate the assembly of supramolecular architectures in the solid state via metal-coordination. Single-crystal X-ray analysis revealed that the complexation of bidentate ligand-bearing imidazole moieties with cobalt(II) or cadmium(II) ions in methanol/chloroform produced complexes that showed doublyinterpenetrated two-dimensional (2D) sheets through the formation of coordination bonds between the cobalt or cadmium metal centers and the nitrogen atoms of the imidazole groups. In the complexation of another ligand bearing a bulky benzimidazole group with cobalt(II) ion generated in methanol/chloroform, extended zigzag one-dimensional (1D) chains were formed, indicating that the molecular shape and bulkiness of the ligand design are crucial in the control of coordination polymers. The crystallization solutions were subjected to cold-spray ionization mass spectrometry (CSI-MS), and ion peaks derived from complexes with metal-ligand 1:2 and 1:1 were observed in complexation with ligands bearing the imidazole and benzimidazole moieties, respectively. The metal-ligand ratio in the CSI-MS analysis was identical to that found in the single-crystal X-ray analysis of an independent molecule. In addition, coordination oligomers with large molecular weight were detected as part of the obtained coordination polymers observed by CSI-MS/MS.
Introduction
The design and construction of coordination polymers and networks have attracted significant attention over the last few decades because the polymers possess intriguing structures and topological features as well as interesting chemical and physical properties. [1] [2] [3] [4] [5] Metal-mediated architectures have unique applications as functional crystalline materials in catalysis, 6, 7 guest inclusion, [8] [9] [10] [11] [12] [13] [14] [15] photochemistry [16] [17] [18] [19] and gas storage. [20] [21] [22] [23] [24] [25] [26] The diversity of metal-directed molecular networks is markedly dependent on the ligand and the coordination geometry of the metal ions. A number of multidentate organic ligands have been reported, and simple bidentate ligands with rigid linker units are particularly useful for constructing predictable and controllable coordination networks. [27] [28] [29] Phenyl, acetylenyl and vinyl linkers are mainly used as rigid π-conjugated spacers that facilitate the formation of numerous coordination networks, [30] [31] [32] whereas bidentate ligands containing rigid aliphatic linker units still have to be exploited systematically. [33] [34] [35] [36] In particular, adamantanebased bidentate ligands have the following unique features: (i) mechanical rigidity; (ii) well-defined conformation, making them ideal candidates for novel building blocks for the creation of metal-driven complexes; and (iii) coordination sites at both ends in the V-shaped direction. Thus, the generating of suitable orientations of the carboxyl and pyridyl groups linked to rigid adamantane spacers should lead to the formation of predictable and desired structural aggregates. We have selected imidazole and benzimidazole groups as coordination sites [37] [38] [39] [40] [41] [42] [43] [44] because a variety of imidazole-and benzimidazole-containing ligands coupled with flexible and rigid spacers were previously exploited and their coordination networks reported. In addition, the significant role of ligand backbone modification by altering the terminal groups at the coordination sites was revealed in studies concerning the influence of molecular shapes and steric hindrances for the generation of metal-organic frameworks. 45, 46 Although the functionalization of adamantane spacers has provided various metal-organic frameworks, the precise prediction of the direction and shape of the polymerization with multidentate organic ligands has remained a difficult problem due to the reversible coordination bond property and the diversity of the metal-ligand combinations. In addition, not enough attention has been given to complexes fabricated on the basis of the combination of several multidentate ligands and metals called as coordination oligomers. We developed coldspray ionization mass spectrometry (CSI-MS), which can ionize labile organic species and fragile complexes, such as Grignard reagents, 47 self-assembling supramolecular complexes, 48, 49 and biomolecular aggregation species, [50] [51] [52] [53] [54] formed via non-covalent interactions. The notable feature of CSI-MS is the softness of the ionization process for a target molecule to produce a thermally unstable molecular ion involving solvent and/or the counter ions without any fragmentations. In our previous works, 55, 56 we focused on coordination polymers, and used CSI-MS to investigate the solvent-dependent complexation of CoCl2 with adamantane-based bidentate ligands. CSI-MS revealed that the formation of coordination polymers was dependent on the methanol/chloroform ratio in solution.
In this paper, we report on the preparation and structural analysis of bidentate organic molecules (1, 2) having two imidazole or benzimidazole moieties linked with a rigid 1,3-diphenyladamantane spacer, constructing the respective complexes through the cobalt(II) and cadmium(II) coordination shown in Fig. 1 
Experimental

General
All reagents and solvents were obtained from commercial suppliers and used without further purification. The melting points were determined using an ATM-01. Elemental analyses were performed with a Perkin-Elmer 2400 elemental analyzer. IR spectra were recorded on a Jasco FT/IR-6300 instrument. 1 H and 13 C NMR spectra were recorded on a Bruker AV400 spectrometer at 300 K in CDCl3 with trimethylsilane as a reference. X-ray crystal structure data were collected using a Bruker SMART APEX II diffractometer with Mo Kα radiation. Column chromatography was performed on a Wakogel C200, and thin-layer chromatography was carried out on 2.0-mm Merck precoated silica gel glass plates. Gel permeation chromatography was performed using recycling preparative HPLC (LC-9204, Japan Analytical Industry Co., Ltd.) and a JAIGEL H series column (Japan Analytical Industry Co., Ltd.). HRMS measurements were performed using a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS; ApexQe 9.4 T, Bruker Daltonics, Inc., Billerica, MA).
Cold-spray ionization mass spectrometry and MS/MS conditions
CSI-MS measurements were performed using a FT-ICR MS. The heater of the desolvation assembly in ion source was turned off and the temperature was kept at around 310 K. The experimental conditions of cold-spray ionization were as follows: ESI needle voltage of +4.5 kV; sheath gas flow rate, 1.0 L/min; dry gas flow rate, 5.0 L/min; sample flow rate, 120 μL/h. Both the sheath gas and the dry gas were nitrogen gas generated by NM32LA (Peak Scientific Instruments Ltd., UK). In MS/MS experiments, collision-induced dissociation (CID) was adopted with argon as a collision gas. The collision gas voltage was set to 20 V to produce large ion peaks that are intense enough for assignment based on comparisons of the isotope patterns between calculations and observations.
Crystallization of complex 1a, 1b and 2a
Methanol solutions (4.0 mL) of Co(NO3)2·6H2O and Cd(NO3)2·4H2O (0.04 mmol) were added to chloroform solutions (8.0 mL) of ligand 1 (0.08 mmol), respectively. The solutions were stirred for several minutes. After the solutions were slowly evaporated for one week at room temperature, single crystals 1a and 1b were formed and isolated by filtration, respectively. A methanol solution (2.0 mL) of cobalt nitrate hydrate (0.04 mmol) was added to a chloroform/methanol solution (5.0 mL, 4/1, v/v) of ligand 2 (0.04 mmol) and the solution was stirred for several minutes. After vapor diffusion of tetrahydrofuran into the solution for three days at room temperature, crystals of 2a were formed and isolated by filtration.
Results and Discussion
The synthesis of disubstituted adamantane molecule 1 was accomplished with a previously reported procedure. Table S1 and Figs. S1 -S3 (Supporting Information).
Complex 1a crystallized in the monoclinic system with the space group C2/c. X-ray crystallographic analysis revealed that complex 1a forms a 2D interpenetrating network in the crystal (Fig. 2) . The Co(II) atom resides in a distorted octahedral environment with four nitrogen atoms from imidazole groups at the equatorial positions and two oxygen atoms from two methanol molecules at the apical positions [Co-N = 2.131(5) and 2.139(5)Å, Co-O = 2.129(4)Å] (Fig. 2a) . Bidentate ligand 1 acts as a bridge between two adjacent Co(II) centers to generate a 2D (4,4) network composed of eight-membered chair-shaped macrocycles with a side of 11.3 Å (measured from the center of the adamantane to the Co(II) atom) (Fig. 2b) . Two pairs of 2D networks interweave in parallel to afford a two-fold interpenetrating network (Fig. 2c) . The cavity in the eightmembered chair-shaped macrocycle is occupied by two chloroform molecules and four nitrate ions. Further, the 2D layered aggregates are packed directly along the c axis of a unit cell (Fig. 2d) . The 2D layers in the crystal display an interlayer separation of 9.37 Å (measured between the plane composed of each Co(II) atoms in the 2D layers).
Complex 1b crystallized in the monoclinic system with the space group C2/c. X-ray crystallographic analysis showed a similar structure to 1a. Complex 1b forms a double 2D interpenetrating network (Fig. 3) . The Cd(II) atom exists in a distorted octahedral environment with four nitrogen atoms from imidazole groups at the equatorial positions and two oxygen atoms from two methanol molecules at the apical positions [Cd-N = 2.284(2) and 2.3473(19)Å, Cd-O = 2.373(2)Å] (Fig. 3a) . Bidentate ligand 1 acts as a bridge between two adjacent Cd(II) centers, resulting in the generation of a 2D (4,4) network composed of eight-membered chair-shaped macrocycles measuring a side of 11.4 Å (measured from the center of the adamantane to the Cd(II) atom) (Fig. 3b) . Two pairs of 2D networks interweave in parallel to give a twofold interpenetrating structure (Fig. 3c) . Two chloroform molecules and four nitrate ions are located in individual cavities. Further, the packing of the 2D layered structures in the crystal is realized directly along the c axis (Fig. 3d) . The 2D layers in the crystal display an interlayer separation of 9.15 Å (measured between the plane composed of each Cd(II) atoms in the 2D layers).
Complex 2a crystallized in the monoclinic system with the space group C2/c. X-ray crystallographic analysis showed that complex 2a forms a 1D zigzag structure in which ligand 2 is connected by Co(II) atoms (Fig. 4) . The Co(II) atom exists in a five-coordinate environment with two nitrogen atoms from benzimidazole groups and three oxygen atoms from two nitrate anions [Co-N = 2.044(2) and 2.020(2)Å, Co-O = 2.228(15), 2.011(4) and 2.099(6)Å] (Fig. 4a) . Bidentate ligand 2 acts as a bridge between adjacent Co(II) centers, resulting in the generation of 1D zigzag chains with lengths of 21.1 Å (measured from the center of one adamantane molecule to the center of another adamantane molecule) directly along the c axes (Figs. 4b and 4c) . Further, 1D zigzag chains are layered along the a and b axes of a unit cell (Fig. 4d) .
CSI-MS was adopted to detect the formation of coordination polymers. In our previous work, we measured two CSI mass spectra of 1) discrete complex and 2) continuous metal and ligand adducts from different crystallization solution having the same metal-ligand ratio, but the different methanol/chloroform ratio. Similarly, the crystallization solutions of 1a, 1b and 2a were subjected to CSI-MS and their mass spectra are shown in Figs. 5a , 5b, and 5c, respectively. In Fig. 5a , the ion peak at m/z 421.2 was assigned to protonated ligand 1, ([1+H] + ). The ion peak at m/z 899.4 was derived from metal-ligand complex with 1:2 ratio. The stoichiometry of the metal-ligand 1:2 ratio was consistent with that observed in the crystal of 1a. The ion peaks at m/z 495.1, 705.3, 961.4, 1354.9 and 1747.4 were assigned to ions based on singly or doubly metal-ligand charged complexes with a few nitrate adducts. Ion identifications and peak assignments for cobalt-ligand complex 1 appear in Fig. 5a and Table 1 . With the exception of ion peaks based on oxygen adducts, the intensities of the ion peaks were lower than those observed for the protonated ligand ([1+H] + ) and the metalligand complex with 1:2 ratio ([Co12] + ). As well as cobaltligand complex 1, the ion peaks assigned to cadmium-ligand complex 1 in Fig. 5b and Table 2 were very similar to those observed in Fig. 5a . The ion peaks at m/z 421.2 and 1016.4 were assigned to the protonated ligand ([1+H] + ) and the metal-ligand complex with 1:2 ratio, ([Cd12+A] + , where A is the nitrate anion), respectively. Other weak ion peaks were assigned on the basis of the combination of the metal and the ligand with the anion adduct. Ion identifications and peak assignments for cobalt-ligand complex 2 appear in Fig. 5c and Table 3 . Interestingly, the major ion peak was assigned to the metalligand complex with a 1:1 ratio. The stoichiometry of the metal-ligand complex with 1:1 ratio was consistent with that observed in the crystal of 2a. It was confirmed that the unique metal-ligand complex was presented in solution, which is related to the independent molecule ordered in the crystal. However, ion peaks corresponding to higher-order coordination polymers could not be clearly observed in the CSI mass spectrum. Tables 1, 2 The ionization efficiency in CSI-MS was low compared to that in the ESI method, due to solvent addition at low temperature, and fragile complexes were decomposed in ESI measurement.
We then determined whether higher-order coordination oligomers are present or not in the crystallization solution by CSI-MS/MS. Surprisingly, the ion peaks of [M3L3A5] + (where, M is metal, L is ligand, A is the nitrate anion) appeared by collision induced dissociation (CID) of the crystals of 1a, 1b and 2a as shown in Figs. 6a, 6b, and 6c, respectively. The intensities of ion peaks larger than m/z 1500 were also increased in the CSI-MS/MS CID spectra of 1b and 2a. Peak assignments are given in Tables S2, S3 , and S4 (Supporting Information), for 1a, 1b and 2a, respectively. Ion peaks of interesting coordination oligomers were observed under the MS/MS condition, but not in the original CSI mass spectra, although a metal-ligand complex with 1:1 or 1:2 ratio could be stably ionized. From these observations, we confirmed the presence of the soluble oligomers in solution, which are related to part of the coordination polymer or the independent molecules ordered in the crystal.
Conclusions
In conclusion, we have demonstrated that adamantane-based bidentate ligands bearing imidazole and benzimidazole moieties are versatile building blocks for the construction of coordination polymers and networks. The complexation of bidentate ligands (1, 2) and two transition metals in a mixture of chloroform and methanol gave corresponding complexes 1a, 1b and 2a. Despite the use of different metal ions, complexes 1a and 1b formed similar doubly interpenetrated continuous 2D sheets. In contrast to complex 1a, complex 2a formed 1D zigzag chains, indicating that modifying the terminal groups in the bidentate ligand affects the formation of metal-mediated structures, due to a steric hindrance and metal-coordinating ability. CSI-MS and MS/MS clarified the presence of metal-ligand complex The peak labels correspond to the labels of the ion peaks shown in Fig. 5(a) . The peak labels correspond to the labels of the ion peaks shown in Fig. 5(b) . Tables S2, S3 and S4, respectively. The peak labels correspond to the labels of the ion peaks shown in Fig. 5(c) .
corresponding to the simplest repeating unit in a crystal and coordination oligomers in solution. Studies on the formation of other diverse coordination polymers from tri-and tetradentate adamantane-based ligands bearing functional groups as coordination sites and the control of their polymerization by CSI-MS and MS/MS are under way.
